Aim: Volumetric modulated arc therapy (VMAT) has been utilized to plan and treat multiple cranial metastases using a single isocenter due to its ability to provide steep dose gradients around targets as well as low doses to critical structures. VMAT treatment is delivered in a much shorter time compared to using a single isocenter for the treatment of each lesion. However, there is a need to develop methods to reduce the treatment planning time for these cases while also standardizing the plan quality. In this work we demonstrate the use of RapidPlan, which is knowledge-based treatment (KBP) planning software to plan multiple cranial SRS cases.
INTRODUCTION
Volumetric modulated arc therapy (VMAT) is a radiation treatment planning and delivery technique that has been investigated and clinically applied for all disease sites including malignancies of the head and neck, thorax, abdomen and pelvis, and compared to static field intensity modulated radiation therapy (IMRT), VMAT has been shown to reduce treatment time and monitor units (MU), making it an attractive radiotherapy delivery technique [1] . Recent reports have established VMAT as a treatment technique for delivering cranial stereotactic radiosurgery (SRS) [2] [3] [4] providing optimal dose distributions while improving the efficiency of treatment delivery. Conventionally, SRS uses one isocenter per lesion and requires multiple isocenters for multiple lesions. This not only prolongs the delivery time reducing patient throughput but is also uncomfortable for the patient. The use of a single isocenter to treat multiple cranial metastases has been accomplished using VMAT producing highly conformal dose distributions while reducing treatment times. Target coverage and dose gradients produced by this technique have been shown to be comparable to Gamma Knife-based SRS [5, 6] . After the initial feasibility studies, reports have been presented outlining further refinement of the procedure, dosimetric indices as well as plan quality parameters for single isocenter VMAT in radiotherapy treatment of multiple cranial metastases [7, 8] . Depending on the complexity of the case however, planning for these cases can be very time consuming and reports have expressed the need to shorten the planning time, thereby aiming to improve the efficiency.
Knowledge-based planning (KBP) is a new paradigm in treatment planning and is a shift towards the direction of automating the planning process [9, 10] . KBP utilizes the dose distributions of prior plans to build a model that can predict the same for new patients. KBP has been effectively utilized to generate high quality treatment plans with consistency utilizing IMRT or VMAT for malignancies at various sites including prostate, lung, liver, head and neck as well as intracranial stereotactic radiotherapy [11] [12] [13] [14] [15] . Although comprehensive studies describing prediction methodologies that make precise estimations of SRS plan quality metrics have been made using in-house systems [15] , clinical application of a commercial KBP system for treatment planning of multiple intracranial lesions with VMAT using a single isocenter has yet to be performed. Recently RapidPlan (TM), which is commercial KBP software from Varian Medical Systems, Palo Alto CA has become available for clinical use. In this study we train a knowledge-based model using RapidPlan for multiple cranial lesions treated at our institution with VMAT. We then retrospectively apply this model to compare the results of previously planned and treated cases.
METHODS

Treatment planning
VMAT plans were generated for 91 patients with a total of 139 lesions (range 1-4, median 1) in Eclipse V13.6 (Varian Medical Systems, Palo Alto, CA USA) from June 2017 to November 2018. Each case was planned with a single isocenter using 3 to 6 arcs. The location of the isocenter was based on the geometric center of the lesions to be treated. The arcs used were non-coplanar. Their distribution in terms of full arcs vs. partial arcs, couch angles, collimator angles were such that they best covered the group of lesions to be treated within that single isocenter. The arcs were chosen to avoid situations where there were two targets in the same leaf track in order to avoid excess dose to the brain. The algorithm used for optimization with VMAT was the progressive resolution optimizer and dose calculation was performed with analytical anisotropic algorithm using a 1 mm dose calculation grid size. X-ray energy used was 6 flattening filter free (FFF) and dose rate for planning was 1400 MU/min. Contouring of the gross tumor volume (GTV) and the critical structures such as the brain, brainstem, chiasm, optic nerves and tracts, eyes and lenses closely followed previously published guidelines [7, 8] . At our institution, no margin is used to convert GTV to planning target volume (PTV). The range of the PTV was from 0.1-7 cm3. The gradient index (GI) was defined as the ratio of volume covered by the 50% isodose line to that covered by the 100% isodose [16] . The conformity index (CI) and the homogeneity index (HI) were chosen for plan evaluation. The CI was defined as the ratio of the volume covered by the 100% isodose to the volume covered by the PTV. The HI was taken as the maximum PTV dose to the prescription dose. Dose prescribed in a single fraction was 20 Gy, 18 Gy or 16 Gy and was decided based on the size and volume of the lesion and its proximity to critical organs. The constraints and strategy for optimization was similar to that previously published [7, 8, 18, 19] . The dose constraints used for planning are shown in Table 1 .
KBP with RapidPlan
RapidPlan is a treatment planning application developed by Varian medicalsystems that utilizes a knowledge-based approach. Previously accepted clinical plans are taken from which data are extracted which include the volumes of the OARs and PTVs, percentage of the overlap volume for each OAR with the target, percentage of the OAR volume that is out of the field for each OAR, prescription dose, structure dose-volume histogram (DVH) and geometry based expected DVH for each OAR. The geometry based expected dose is a measure of dose received by a portion of an OAR if only the patient anatomy and desired target dose are to be considered. Principle component analysisis conducted on this extracted data and the principle components are used to build a DVH estimation model [17] . When a treatment plan is to be generated for a new patient, the RapidPlan model will create DVH estimates for the OARs based on the anatomy for that particular case. These DVH estimates will then be used as part of the objectives for optimization to achieve the dosimetric goals for that patient.
Model training
To create the RapidPlan DVH estimation model, we selected 66 patients with 125 lesions (range 1-4, median 1). The model was trained for multiple target dose levels, namely high risk, intermediate risk and a low risk PTV. These levels of risk for the PTVs were matched accordingly in both the training and validation. For all single lesion cases, the plan had only 1 target, which was matched to high dose level. If the plan had 2 targets that were prescribed to the same dose level, then they both were matched to the highest dose level. However, if they went to different dose levels, the target receiving higher prescription was matched to the higher dose level and the one receiving the next dose level was matched to the intermediate dose. Similarly if a plan had 3 targets, each prescribed to different dose levels, the targets were matched correspondingly, i.e., high to high, intermediate to intermediate and low to low. However if they went to 2 different dose levels, the target(s) with the highest prescription dose would be matched to high and the target(s) with the next dose level would be matched to intermediate dose level. Similarly if all the 3 went to the same dose level, all of them would be matched to high dose. This methodology of matching is recommended by the training software. The OARs included for training were brain, brainstem, chiasm, optic nerves, eyes and lenses. The training process consisted of identifying the geometric outliers and the dosimetric outliers. The geometric outliers are typically cases were the PTV and/or OAR volumes, shapes and overlaps differ substantially from the majority of the training set. Dosimetric outliers are cases where the clinical DVH differs substantially from the estimated DVH. Geometric outliers can be identified using regression plots, which illustrate the correlation between the best prediction of the DVH and the most likely geometric parameter that would be responsible for that DVH such as the volume of the structure or the overlap with the target or a combination of both. Geometric outliers are points that are typically identified as points that fall far away from the regression line or that are substantially isolated from it. Similarly, dosimetric outliers can be identified using something called residual plots that correlate the best estimation of the DVH to the actual clinical DVH for the training case. A case is considered to be a dosimetric outlier when the clinical DVH differs substantially from the DVH estimated by the model. By removing the geometric and dosimetric outliers, and re-training the model, the ability of the model to estimate the DVHs is measured. A minimum of 20 patients/cases are required to successfully train the model.
Optimization objectives
Once the model has been trained and reviewed, optimization objectives are added to the model. It is critical to mention at this point that these estimation models can predict achievable OAR DVHs for individual patient anatomy; however optimization objectives are required to achieve these dosimetric goals. These dose-volume objectives and the priorities are estimated by the model for the selected structure and are automatically loaded when the model is selected to create a plan for a new patient.
Model validation
Ten patients were chosen for validation. Among the 10 patients, 6 had 1 lesion each, 2 had 2 lesions each, 1 had 3 lesions and 1 had 4 lesions. The validation process consists of comparing the clinical DVH to that obtained from the plan using the model and then evaluating the plan for clinical acceptability. The dosimetric parameters extracted with respect to target coverage were maximum dose to the PTV, minimum dose to the PTV, volume of the PTV covered by 100% of the prescription dose, i.e., PTV V100, GI, CI and HI, all of which have been defined earlier. With respect to the critical organs, the dosimetric parameters noted were the maximum dose to the brainstem, brain, chiasm, optic nerve, eyes and lenses. The V7 Gy, V12 Gy and V10 Gy to the brain were also noted. Significance testing between the dosimetric results of the clinical plan vs. the plan generated by the model, i.e., the validation plan was performed by using the Wilcoxon sign rank test, which is a non-parametric test for matched pairs of data.
RESULTS
Although 91 patients with a total of 139 lesions were planned, we could only use 66 of them with a total of 125 lesions due to limitations in Eclipse V 13.6 as some of the target volumes were too small to be extracted. Comparison of dosimetric parameters for target coverage between the original clinical plan and the corresponding knowledge-based validation plan using RapidPlan are shown in Table 2 . Similarly in Table 3 , is the comparison of the dosimetric parameters for OAR sparing between the original clinical plan and the validation plan. In Table 4 , for the validation cases, the diameter and volume of each lesion treated in a single radiotherapy session is indicated. For multiple lesion cases, i.e., 2.3 and 4 lesions, the total volume of all lesions treated as well as the maximum diameter is indicated. In Table 5 , is shown the distribution of the lesions to the various risk levels. Each validation plan was generated within 30 minutes without human ≤ 8 Gy* *Signifies used as limiting constraints, while the others are used as guidelines. D max (%) is the maximum dose to the structure in %, D min (%) is the minimum dose to the structure in %, V 100 (%) is the volume of the structure in % that receives 100% of the prescription dose. D max (Gy) is the maximum dose to the structure in Gy and V XGy (%) is the % volume of the structure receiving X Gy, and V YGy (cm 3   ) is the absolute volume of the structure receiving Y Gy. At our institution, the maximum dose constraint to the brainstem is used only if target overlaps with the brainstem. PTV: planning target volume Figure 4 .
PTV coverage
The PTV coverage in terms of PTV V100, the minimum dose to the PTV showed no statistically significant difference between the clinical plan vs. the RapidPlan. Both the clinical and the RapidPlan showed no statistically significant difference in the CI. The GI was slightly higher with the RapidPlan compared to the clinical plan. The maximum dose to the PTV was higher by 2% using KBP. However these hotspots were retained within the target volume.
OAR sparing
Dose constraints for the brainstem, brain, chiasm, optic nerves, eyes and lenses were all achieved as per Table 1 for both the clinical plan as well as the KBP. No statistically significant differences were seen in the dosimetric parameters to the majority of these critical structures.
Monitor units (MU) and calculated treatment time
The total MU for the original clinical plan on average were 5,215 ± 924, while with RapidPlan were 5503 ± 1208. This difference was not found to be statistically significant (P = 0.5).
DISCUSSION
Studies have shown that LINAC based radiosurgery plans using VMAT can produce target coverage and dose fall-off in the high dose area similar to Gamma-Knife plans [5, 6] . Single isocenter cranial VMAT radiosurgery technique can produce with the major advantage being improvement in clinical efficiency. The use of FFF beams with a high dose rate of delivery at 1400 MU/min has further contributed towards to this goal. As the single isocenter VMAT technique replaces the use of multiple isocenter techniques for multiple targets, there is also a need to improve the efficiency of clinical treatment planning for these cases. Although the concept of knowledge-based planning with in-house systems has been applied to predict plan quality metrics in intracranial SRS [12] , our study has demonstrated the use of RapidPlan, which is a commercial system for automated planning of intracranial SRS. Our results indicate that both the clinical as well as the validation plan (RapidPlan) showed no significant difference with respect to target coverage, conformity index, gradient index, homogeneity as well as critical organ sparing. All the cases for training and validation were chosen without any pre-selection criteria. The limitation of this study is that it was trained and tested only with a maximum of 4 lesions per case. This was because in the cohort of patients that were treated, there were only 3 cases that had > 4 lesions, which essentially is not enough to train a model. As we treat and acquire data on more patients that have > 4 lesions, these can be incorporated into the model. Another limitation of this study is that the cases used for training were of smaller volume and were typically peripheral and far away from critical organs as well as from each other. This model therefore cannot be used for lesions that are overlapping with critical organs or for lesions in close proximity of each other.
The plans were slightly more inhomogeneous compared to the original clinical plans. This could be due to the fact that we used a line objective for the DVH in addition to the maximum point dose objective for the critical organ. Although the DVH for the PTV shows a longer tail, the dose inhomogeneity is contained within the target. We anticipate that with more training cases, the dosimetric results will improve. The GI was also slightly higher with the KBP plans than the recommended value of < 4. However the plans were dosimetrically very similar. Moreover, when a typical clinical plan would take at least 2 to 3 h to complete, the RapidPlan gave a clinically acceptable result in under 30 min.
The quality of the treatment plan generated by RapidPlan can only be as good as that of the treatment plans used to generate the DVH estimation model. Other technologies such as Hyperarc® are available from Varian Medical Systems that can automate SRS planning, however, they are currently unavailable with RapidPlan. This study demonstrates the feasibility of using RapidPlan as it pertains to a limited number of lesions (≤ 4). Going forward, we plan on expanding its training and application to > 4 lesions. In the future we plan to expand this to > 4 lesions and perform a comparison with plans generated using Hyperarc.
In conclusion, we have developed an efficient method for treatment planning of multiple cranial SRS lesions using VMAT and a single isocenter. This is a step not only towards a reducing the treatment planning time but also providing the planner a guide on the achievable dose distribution for the given case, thereby helping to standardize the quality of the treatment plans.
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